Abstract In order to improve activated sludge plant operation (achieving higher efficiency and cost savings) beside influent and effluent characteristics and working parameters (e.g. dissolved oxygen, total and volatile suspended solids, pH, recirculation flow rate, etc.), the biomass activity should be monitored, the bacteria being responsible for the pollutant degradation. Since conventional cultivation based methods are inadequate to quantify environmental microorganisms (due to scarce number of cultivable microorganisms and time-consuming procedures) several "non-conventional" techniques were applied in this study, in order to compare the obtainable information and their routine feasibility. Different measurements (VSS concentration, Oxygen Uptake Rate, microbial counts by cultural and biomolecular methods -MPN-PCR, ATP content, dehydrogenase activity, microbial cell viability and enzymatic activity) were carried out on mixed liquor samples, taken from a municipal activated sludge plant (440,000 p. e.). The preliminary results of the research are presented in this paper.
Introduction
The activated sludge process can be operated and controlled by monitoring influent and effluent characteristics (e.g. COD, BOD, nitrogen in different forms, phosphorus, etc.) and working parameters (e.g. dissolved oxygen, total and volatile suspended solids, pH, recirculation flow rate, etc.). In general, process control is carried out by measuring parameters which are not directly representative of biomass activity. This should be measured instead, in order to better understand the actual conditions of the microorganisms responsible for the pollutant biodegradation. In this way, the optimization of process conditions could be achieved, leading to higher process efficiency and operation cost savings.
Conventional cultivation-based-methods (viable cells count performed in agarised media or most-probable-number techniques in broth media), can provide useful information concerning the presence of specific functional microbial groups, but they are not reliable enough, since a percentage ranging from 80 to 99% of environmental bacteria is not detectable (Lazarova and Manem, 1995; Amann et al., 1995 Amann et al., , 1998 ; this is due both to the use of "wrong" media and cultivation conditions, to the microorganisms inhability to grow at lab conditions and to the clustering of cells in the activated sludge flocs. Furthermore, these techniques are time consuming, which is a serious drawback in plant operation.
The microbial communities can also be monitored by means of microscopic observations, studying the indicator organisms, morphologically or phenotypically linked to plant performance. These examinations, though, do not allow the direct study of the cells involved in the pollutants removal processes (Amann et al., 1998) .
In the last decade, considerable progress has been achieved in the analysis of bacterial populations with new molecular techniques. Investigations based on ATP, DHA (dehydrogenase activity), DNA content etc., supply better information about the total active biomass, but they are not specific enough and require a complex procedure and analytical equipment. Recently, new methods deriving from other scientific fields (genetics, cytology, biochemistry) have been proposed in order to overcome these drawbacks. In situ identification of different groups of bacteria was based both on immunofluorescence, and on r-RNA hybridization 1998) . Group-and genus-specific oligonucleotide probes were used to analyze directly the community structure of activated sludge by in situ hybridization coupled with flow cytometry analysis (Wallner et al., 1995) .
The PCR (Polymerase Chain Reaction) allows us to amplify the amount of target DNA up to more than 10 6 fold: in several cases, microbiologists apply this technique to detect pathogenic microrganisms in food, clinical samples, soil and environment (Degrange and Bardin, 1995; Féray et al., 1999) . The PCR technique coupled with MPN approach allows us to quantify the DNA target detected (Picard et al., 1992) .
In this work, several of the above mentioned methods were applied for monitoring the activated sludge of a municipal wastewater treatment plant, in order to compare their sensitivity, reproducibility and routine feasibility. Results of the biological analyses were evaluated on the basis of plant behaviour and performance.
Materials and methods

Plant description
The considered plant (440,000 p. e.) treats mainly domestic wastewater (Northern Italy). The plant consists of a mechanical pre-treatment section (fine screening, aerated grit/oil removal), three primary sedimentation tanks (diameter = 40 m), four parallel biological reactors (total volume = 19,200 m 3 ), mixed liquor recirculation line, six secondary clarifiers (diameter = 43 m, height = 3 m). The pre-denitrification process is applied: 30% of the biological reactor volume is maintained under anoxic conditions.
Biological analyses
The mixed liquor (taken from the oxidation stage) was submitted, weekly, to the following analyses: viable bacteria count by flow cytometric analysis, MPN-PCR, heterotrophic plate count, ATP, DHA and enzymatic activity determination, Oxygen Uptake Rate (OUR) test.
Flow cytometric analysis. Fluorescent dyes and multi-parameter flow cytometry (Bryte-HS, Bio-Rad Inc., Hercules, CA) were applied for viability assessment. Viability of the biomass was estimated on the basis of cellular membrane integrity, staining the cells with a nucleic acids double staining (SYBR Green I and Propidium Iodide) according to Barbesti et al. (2000) . Sludge flocs should be disaggregated before dyes staining and cytometric analysis. By flow cytometric analysis it is possible to determine simultaneously scattering and fluorescence signals at specific wavelengths for each bacterial cell. Combining the fluorescence and the scattering distribution measured by FCM single-cell analysis, it is possible to individuate functional subgroups of the bacteria population. Viable and dead cells, emitting in green and red fluorescence respectively, are plotted in a 2-D cytogram (See Figure 1) .
MPN-PCR analysis.
In order to perform the microbial cell counts by MPN-PCR (Picard et al., 1992) DNA was extracted from 0.5 mL of a mixed liquor sample, serially diluted, and amplified in three replicates. The primers used in the amplification protocol are specific for the rRNA 16S. Results obtained were monitored after electrophoresis of the amplification products on agarose gel. The positive and negative amplifications in the replicates were read by using the MPN table and the number of bacterial cells per gram was calculated by multiplying by the dilution factor.
Heterotrophic bacteria plate count. After disgregating flocs with vibromixer (2,500 rpm, for 5') 0.1 mL from a dilution series 1-10 were poured into R2A-medium (Difco) and incubated for 12 days at 20°C.
ATP determination.
Replicates of adequate dilutions (0.1 mL) were measured by extracting ATP and reading (by means of a bioluminometer) the number of emitted photons after a reaction with luciferin-luciferase (Celsis reagents).
DHA determination. The respiratory chain enzyme activity was detected by adding 2-(piodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride (TTC, Dr. Lange) to replicates of adequate dilutions. After 1 h incubation at anaerobic conditions at 20°C the monoformazans (TPF) produced after reduction of TTC were extracted in ethanol and quantified by means of spectrophotometry (λ = 490 nm).
Enzymatic activity determination.
A semi-quantitative method (BioMérieux) was followed, in order to assess 19 different enzymatic activities. After establishing the correct dilution (turbidimetric analysis and comparison with standard solutions of BaSO 4 and TSS measurement), 0.65 mL samples were introduced in microcuvettes containing specific substrates. Cuvettes were incubated at 37°C for 4 hours; reactions were revealed by adding surfactants and colouring reagents. Enzyme concentrations were expressed considering a colorimetric qualitative scale (values ranging from 0 to 5).
OUR measurements. Oxygen Utilization Rate (OUR) tests were carried out to monitor the respirometric activity of the biomass. A 2 L controlled temperature and aerated reactor was utilised. Dissolved oxygen was monitored by an oxymeter (OXI 340, WTW GmbH, Weilheim, D) connected to a data acquisition system. Sodium acetate was added to evaluate the heterotrophic respiration rate under non-limiting conditions.
Preliminary results
The main results of the analyses are reported in Table 1 . Figures 1 and 2 show respectively a cytogram (as an example) and the enzymatic activity determined during the experimental phase. During the monitoring period, plant efficiency was satisfactory, both in terms of COD removal (efficiency ≅ 85%, effluent average concentration = 75 mg/L) and nitrification (efficiency passed from 56 to 32% and effluent ammonia concentration increased from ~ 10 to ~ 20 mg/L), considering the low temperature values (15-17°C). In particular, concerning the nitrification process, it was influenced by the sludge loading, which increased progressively from 0.15 to 0.26 kg BOD 5 /kg TSS d; the VSS/TSS ratio confirms this trend, growing progressively from 74.6% to 78.1%.
The heterotrophic bacteria grown on R2A plates ranged from 1.29 × 10 10 to 5.13 × 10 10 CFU/g VSS, being quite stable (although the first value was lower than the others, without any macroscopic correlation with plant performance) showing the absence of inhibitory factors. These concentrations are similar to literature data (Lemmer et al., 1994) . The heterotrophic bacteria counts determined by cultural methods are one order of magnitude lower than the viable bacteria obtained combining SYBR-Green I and Propidium Iodide staining with flow cytometric analysis. OUR measurements are fairly constant in the period, with the exception of the sample taken in the third week. The average specific oxygen utilisation rate calculated for 10 11 viable cells was 6.8 mgO 2 h -1 (range 4.8-8.2). ATP and TPF values are comparable with data reported for activated sludge treatment plants (Lazarova and Manem, 1995; Zhang and Yamamoto, 1996) ; it has to be noted that TPF Figure 2 Results of enzymatic activity analyses concentration had the same trend as the sludge loading (maybe thanks to the higher presence of organic carbon per unit of biomass = F/M ratio) while ATP concentration diminished, in parallel with nitrification activity decrease. At last, also enzymatic activities (i.e.: lipase C 14 and α-glucosidase) showed, in general, the same trend as ATP. Preliminary results of the total bacteria determination by using the MPN-PCR technique have been obtained amplifying the DNA extracted from two samples (weeks 2 and 3, Table 1 ); the values obtained did not vary in the samples performed: 1.00 × 10 11 and 6.31 × 10 10 MPN-PCR/g VSS. These data are in agreement with the values obtained with the other techniques used to evaluate the total biomass.
